An assessment of the total protein composition of filovirus (ebolavirus and marburgvirus) virions is currently lacking. In this study, liquid chromatography-linked tandem mass spectrometry of purified ebola and marburg virions was performed to identify associated cellular proteins. Host proteins involved in cell adhesion, cytoskeleton, cell signaling, intracellular trafficking, membrane organization, and chaperones were identified. Significant overlap exists between this data set and proteomic studies of disparate viruses, including HIV-1 and influenza A, generated in multiple cell types. However, the great majority of proteins identified here have not been previously described to be incorporated within filovirus particles. Host proteins identified by liquid chromatography-linked tandem mass spectrometry could lack biological relevance because they represent protein contaminants in the virus preparation, or because they are incorporated within virions by chance. These issues were addressed using siRNA library-mediated gene knockdown (targeting each identified virion-associated host protein), followed by filovirus infection. Knockdown of several host proteins (e.g. HSPA5 and RPL18) significantly interfered with ebolavirus and marburgvirus infection, suggesting specific and relevant virion incorporation. Notably, select siRNAs inhibited ebolavirus, but enhanced marburgvirus infection, suggesting important differences between the two viruses. The proteomic analysis presented here contributes to a greater understanding of filovirus biology and potentially identifies host factors that can be targeted for antiviral drug development. Molecular & Cellular Proteomics 9: 2690 -2703, 2010.
viral particles. This observation is supported by studies with multiple viruses (e.g. HIV-1 and influenza A), produced in multiple cell types (1) (2) (3) . Interestingly, there is substantial overlap between host proteins identified in these diverse studies, suggesting a significant role for these gene products in viral biology (4) . An assessment of the total protein composition of viral particles can be provided by proteomic techniques, including liquid chromatography tandem mass spectroscopy (LC-MS/MS) 1 . For example, Shaw et al., performed LC-MS/MS analysis on protein lysates from highly purified influenza A viral particles (3) . Along with nine virus-encoded proteins, 36 host proteins were identified, including highly abundant and cytoplasm-localized proteins (␤-actin, tubulin, and GAPDH), as well as membrane-bound proteins (CD9 and CD81). Chertova et al., identified a larger cohort of 253 host proteins incorporated into HIV-1 virions (1) . The functional significance of most of these virion-localized host proteins remains to be elucidated. However, studies of this type promise to teach us something about viral biology and important host-pathogen interactions. For example, examination of host proteins incorporated into the viral envelope of HIV-1 can provide information about the particular type of host cell producing the virus, both in vitro and in vivo (5) .
Filoviruses (ebolaviruses and marburgvirus) cause severe hemorrhagic fever in humans (and nonhuman primates) with exceptionally high case fatality rates. Confirmed human marburgvirus infections, occurring between 1967 and 2007, yielded a case fatality rate of 81.9% (6) . During this same time period, the combined case fatality rate for Zaire and Sudan ebolavirus infections was 69.8%. Fortunately, outbreaks in human populations are rare, and can be contained with strict patient isolation and barrier nursing practices. Although there are currently no licensed vaccines or therapeutics to prevent or treat filovirus infections, progress is being made in this area (7, 8) . In a recent report, antisense-based treatments protected nonhuman primates against lethal Zaire ebolavirus and marburgvirus infections, and have received approval from U.S.
Food and Drug Administration to proceed with human clinical trials (7) . A threat to public health and safety continues to exist because of sporadic filovirus outbreaks in endemic areas, and the potential for use of these agents as bioweapons (9) .
Filovirions are filamentous particles with near uniform diameter and variable elongated shape and length (10) . The filovirus genome codes for seven proteins; the nucleoprotein NP, the RNA-dependent RNA polymerase L, glycoprotein GP 1, 2 , and the viral proteins (VP) VP35, VP24, VP30, and VP40 (11) . Ebolaviruses, but not marburgvirus, additionally express two secreted forms of GP 1,2 , sGP and ssGP (12, 13) . NP, L, VP35, and VP30 make up the nucleocapsid surrounding the linear 19 kb, single-stranded, negativesense RNA genome. VP40 is the major matrix protein and functions in viral assembly and budding (14) . VP24 is a minor matrix protein that can interact with the viral membrane and has a role in nucleocapsid formation (15) (16) (17) (18) . GP is found embedded within, and extending from the viral membrane. Filovirus entry, transcription, trafficking, assembly, and budding have been studied in some detail (14, 19 -24) . Importantly, several investigations have described specific host-pathogen interactions, implicating the involvement of host proteins in the filovirus lifecycle (25) . For example, interactions between VP40 and host proteins TSG101 and Nedd4 may be critical for viral assembly and budding (14) . Interactions with host kinases (IKK and TBK-1) have been described for VP35 (26) . Additionally, filovirus NP and VP30 proteins are highly phosphorylated, suggesting a direct interaction with a host kinase (20) .
As with other viruses, there is evidence that specific host proteins are incorporated into filovirus particles. Kolesnikova et al., detected actin, Lamp-1, and Rab11 in purified marburgvirus virions by Western blot analysis (27) . Actin has also been detected in marburgvirus particles by immunoelectron microscopy (28) . However, an assessment of the total protein composition of filovirions has not yet been reported. To further characterize the host protein content of filovirions, we performed LC-MS/MS on protein lysates from sucrose-bandpurified ebola (Zaire ebolavirus, Kikwit isolate) and marburg (Lake Victoria marburgvirus, Musoke isolate) virions. This analysis successfully identified each ebola-and marburgvirus-encoded protein. Additionally, 66 virion-associated host proteins were identified. To examine biological relevance, we hypothesized that host proteins specifically incorporated into virions would be essential for productive viral infection. To address this idea, a custom siRNA library, targeting each of the putative virion-associated proteins, was used to identify host proteins that play a role during ebola or marburgvirus infection. Eleven proteins influencing viral infection or production were identified in this manner. Interestingly, knockdown of select host genes produced opposite effects on ebolavirus versus marburgvirus infection, suggesting potentially important differences between the two viruses. These data provide a better understanding of host pathways and proteins utilized during the filovirus life cycle and may provide novel targets for antivirus drug development.
EXPERIMENTAL PROCEDURES

Viral Sample Preparation and LC-MS/MS-Experiments
with infectious viruses were carried out in biosafety level 4 maximum-containment laboratories (USAMRIID, Fort Detrick, MD). High-dose ionizing radiation-inactivated ebolavirions (Zaire ebolavirus, Kikwit isolate), or marburgvirions (Lake Victoria marburgvirus, Musoke isolate) were combined in a 1:1 ratio with SDS-PAGE loading buffer and heated to 95°C for 15 min. Samples were then cooled and loaded onto a 10% Tris-HCl SDS-PAGE gel (BioRad) and subjected to electrophoresis at 150 V for 60 min. Proteins in the gel were stained with Coomassie blue overnight and then destained in water. Gel slices (20 per lane) were macerated in 200 l of 50% acetonitrile (ACN) in 50% ammonium bicarbonate (50 mM, pH 8.0) and incubated for 15 min. The gel mixture was centrifuged at 12,000 ϫ g with the wash being discarded. The process was repeated three times following which 100 l of ACN was added. The gel mixture was dried in a speed vacuum concentrator, resuspended in enough trypsin digest solution (Promega) to cover the gel material, and then incubated overnight at 37°C. The amount of trypsin digest solution was recorded and on the following day an equal volume of 50% ACN was added. The mixture was then incubated for 15 min at room temperature, centrifuged, and the supernatant collected. After repeating the process, the supernatants were pooled and dried in a speed vacuum concentrator following which 100 l of ACN was added. The digest was again dried, repeating the process three times. Samples were desalted using a C-18 PepClean column (Pierce Biotechnology, Inc, Rockford, IL) according to manufacturer's instructions. Samples were then dried and stored at 0°C.
LC-MS/MS analyses were performed using an Agilent 1100 nanopump coupled to a 2000 QTRAP with nanospray source (Applied Biosystems, Foster City, CA) controlled by Analyst software (Applied Biosystems, version 1.4). Each sample was resuspended in 10 l of 5% ACN and 0.1% formic acid in water and 8 l was loaded onto the LC-MS/MS system. An LC gradient of 5%-60% was generated with 95% ACN and 0.1% formic acid in water over 35 min. MS/MS peak lists were generated by the Analyst software (version 1.4). All MS/MS data were searched against the theoretical spectra of the NCBI nr database (release 2.2.12 of 9 -7-2005) using taxonomies Homo Sapiens (255,836 sequences searched), Zaire ebolavirus (9 sequences searched), or Lake Victoria marburgvirus (7 sequences searched) using Mascot software (Matrix Science, version NT2.0, Torrance, CA). The search parameters included a maximum of one missed cleavage by trypsin, variable modification of oxidized methionine, charge state of ϩ 2 to ϩ 3, an MS tolerance of Ϯ1.2 Da, and an MS/MS tolerance of Ϯ0.8 Da. The resulting data were then filtered for low scoring hits by rejecting single peptides with a score lower than 42 for hits observed after searching the H. sapiens database.
Over-Representation Analysis-The PANTHER classification system (version 6.1, release date January 6, 2009) and analysis package was used to identify significantly over-represented gene functional groups in our proteomics dataset (http://www.pantherdb.org/) (29, 30) . Sixty-five of 66 virion-associated host genes were present in the PANTHER ontologies. Annotation enrichment was measured using the right-tailed hypergeometric distribution (Fisher's exact test), with the background equal to the entire set of Homo-sapiens annotated genes. p Values were corrected for multiple testing using a Bonferonni procedure, described on the PANTHER website, where the number of tests is dependent on the level of the biological process or molecular function annotation. A p value of Յ 0.05 was considered significant.
siRNA Transfection and Virus Infection-A custom siRNA library, targeting the transcript of each putative filovirion-associated host protein was designed and obtained from Dharmacon (Lafayette, CO). For each gene, a pool of four individual siRNAs was provided lyophilized in v-bottom 96-well plates. siRNA pools were resuspended in 1ϫ siRNA buffer (Dharmacon) at a concentration of 1 pmol/l. 293T cells were transfected with 75 nM (final concentration) siRNA and 0.5 l Lipofectamine 2000 (Invitrogen) per well of a 96-well plate. Dharmacon nontargeting siRNA pool was added to the library plate and transfected with the same parameters as a control.
Twenty-four hours following siRNA transfection, cells were moved to a BIOSAFETY LEVEL 4 maximum-containment laboratory and infected with ebolavirus at a multiplicity of infection of three, or marburgvirus (multiplicity of infection of one). Three days following infection, cells were fixed by the addition of 10% neutral buffered formalin, and incubation at 4°C for 3 days. For hit-confirmation experiments, 100 l of cell culture supernatant was collected, before cell fixation, and added to 300 l Trizol LS (Invitrogen).
Quantitative Real-Time PCR-To measure the viral titer in cell culture supernatants, RNA was isolated from Trizol samples using the MegaMax 96 RNA extraction kit (Ambion, Austin, TX). Viral RNA was detected using custom virus-specific TaqMan primer/probe sets (Applied Biosystems), 5 l input RNA per 20 l reaction, RNA UltraSense One-Step Quantitative RT-PCR system (Invitrogen), and a 7900HT Fast real-time PCR instrument (Applied Biosystems). Serial dilutions of RNA from viral samples of known titer (10 2 -10 7 genomic copies per reaction) were used as standards. PCR reactions were set up using the parameters and cycling conditions provided by the RNA UltraSense kit (Invitrogen).
To check for knockdown of target transcripts, RNA was harvested 48 h following transfection of siRNAs using the Qiagen RNeasy mini RNA isolation kit. Transcript level was measured as described above, but using inventoried TaqMan gene expression assays (Applied Biosystems) and 50 ng of input RNA per reaction.
Automated Fluorescence-Microscopy Image Capture and Data Analysis-Following fixation for 72 h in 10% formalin, cells were washed three times in PBS, and then blocked for 1 h at room temperature in PBS with 3% bovine serum albumin (Sigma Aldrich). Cells were then incubated with mouse monoclonal antibodies detecting ebola (antibody 6D8) or marburg (antibody 5E2) GP protein at 1:1000 and 1:250, respectively, for 2 h at room temperature. Cells were washed in PBS and incubated with goat anti-mouse Alexa-488-conjugated secondary antibody (Invitrogen) (1:1000, 1 h, room temperature). Cells were counter stained with Hoechst 33342 (to visualize nuclei), and CellMask Deep Red cytoplasmic stain (Invitrogen). Acquisition and analysis of fluorescence microscopy images were carried out on an Opera confocal high-content screening instrument (model 3842-Quadrapole Excitation High Sensitivity, Perkin Elmer) running Acapella image analysis software (Perkin Elmer). Additionally, a Discovery-1 automated fluorescence microscope (Molecular Devices, Sunnyvale, CA) using MetaExpress software was utilized. In each case, a 10ϫ air objective was used for the collection of six to nine image fields per well. Approximately 15,000 total cells are analyzed per well. Data from one instrument are consistent with the other, and a particular instrument was chosen for use on the basis of availability. For each well, the total number of cells, and the number of GP 1,2 -positive cells were recorded. Threshold levels for detection are set by examining control cells without virus infection, or cells stained with isotype control antibodies.
RESULTS
Identification of Host Proteins Associated with Purified ebola and marburg
Virions-A proteomic analysis of purified ebola and marburg virions was carried out using liquid chromatography-linked tandem mass spectroscopy (LC-MS/MS), with the aim of identifying host proteins that are specifically incorporated into filovirus particles. Ebola or marburg viral particles produced in African green monkey kidney epithelial cells (VeroE6) were collected and band-purified on a sucrose gradient. The use of VeroE6 cells allows viral replication to high titer, and because of extensive genomic and protein sequence homology enables successful protein identification by comparison to the human protein database. Purified viral particles were dissolved in SDS-PAGE loading buffer and size fractionated by gel electrophoresis. Following staining to visualize the proteins, 20 gel slices were excised from each lane and subjected to trypsin digestion. Resulting tryptic peptides were analyzed by LC-MS/MS and identified using Mascot software. LC-MS/MS data were compared against the Zaire ebolavirus, Lake Victoria marburgvirus, and the human genome databases to identify proteins present in the viral particles.
As expected, each ebola-and marburg-encoded protein was detected by the LC-MS/MS analysis (not shown). Additionally, peptides from the viral protein lysates mapped to 70 human protein accession numbers. We were able to map these protein sequences to 66 unique human proteins (Table  I) . If a protein was identified by more than one peptide, the highest Mascot sore is given. For proteins identified with one peptide, the peptide sequence and additional information is provided (Table II) . Of the 66 host proteins, most were identified only in ebola virions. Far fewer host proteins were identified in marburg virions (Fig. 1A) . The results of a genefunction over-representation analysis suggest a nonrandom incorporation of host proteins into filovirions (Fig. 1B) . The proteins listed in Table I were mapped to various molecular functions, biological processes, and biological pathways using the PANTHER classification system (http://www.pantherdb.org) (29) . The expected number of genes in each category is calculated by examining 66 proteins chosen at random from the human genome. These expected frequencies differ from the observed functional group distributions for the 66 proteins identified in our examination of filovirus particles. Statistical analysis reveals that several distinct gene functional classifications are significantly over-represented in our dataset (Fig. 1B) (30) .
Identification of Virion-associated Host Proteins Essential for Infection-It is possible that some cellular proteins identified by LC-MS/MS represent contaminants in the purified virus sample, and are not associated with the virions at all. Other proteins may be incorporated into virions by chance, because of their high abundance in the cell, presence in the host cell membrane, or interactions with other host proteins directly involved in the viral lifecycle. With this in mind, we utilized a custom siRNA library, targeting the transcripts for each virion-associated cellular protein, to identify host proteins that are required for productive virus infection (Fig. 2 ). Protein contaminants, or proteins incorporated by chance, are likely not essential for viral infection or production, and would 
Filovirion-associated Host Proteins
thus not likely score as hits in this assay. Rather, hits from the screen should represent true-positive and biologically relevant virion-associated proteins identified by LC-MS/MS (Fig. 2) . We first evaluated the performance of the siRNA library. 293T cells were transfected with the library, in 96-well plate format. Forty-eight hours later, RNA was harvested from eight wells distributed around the library plate. qRT-PCR was performed to determine whether knockdown of the target transcripts was successful. Each gene tested displayed reduced transcript level following siRNA library transfection (Fig. 3A) . This success rate suggests high knockdown efficiency for the siRNA library as a whole.
To identify virion-associated host proteins important for infection, cells were transfected with the siRNA library and then infected with ebolavirus or marburgvirus. Following infection, fluorescent immunostaining was used to detect cells expressing viral antigen (GP 1,2 protein), as a measure of the number of virus-infected cells in each well. Fluorescence microscopy, image capture, and data analysis were carried out on an automated high-content imaging system. From each well on the siRNA library plate, fluorescence microscopy images were collected from multiple fields. From each image, the total number of cells, and the number of virus-infected cells were determined, yielding the percentage of infected 
cells in each well. Fig. 3B shows data from one representative ebola-infected siRNA library plate. The percentage of infected cells observed in each well of the library was plotted versus well position. For this plate, wells transfected with nontargeting, negative control siRNA, exhibited an average percent infection of ϳ72% (Fig. 3B) . Preliminary experiments confirmed that this particular control siRNA did not influence infection (data not shown). Most siRNAs in the library allowed a level of infection similar to control siRNA. However, several siRNAs clearly and dramatically reduced the number of infected cells observed following ebolavirus challenge (Fig. 3B) . Example images from this experiment are shown in Fig. 3C . For each virus, data from repeat experiments and replicate plates were normalized and averaged together. As a first filter, siRNAs were excluded from further analysis if they reduced total cell number (indicating possible toxicity) by more than twofold compared with negative control siRNA. Next, siRNAs were considered hits if they reduced, or increased, the percentage of infected cells by greater than 50%, compared with negative control siRNA wells (Fig. 4) . We identified siRNAs that were effective inhibitors of both ebolavirus and marburgvirus. Interestingly, several siRNAs scored as enhancing marburgvirus infection. Further, select siRNAs inhibited ebolavirus infection, whereas moderately enhancing marburgvirus infection. A screening experiment was performed with ebolavirus utilizing a lower virus dose, and lower baseline level of infection (fewer infected cells in control siRNA wells). Even with these infection parameters, infection-enhancing siRNAs were not identified for ebolavirus (data not shown). On the basis of the siRNA library screening results, we expect the 11 proteins scoring as hits in this assay to be true virion-incorporated host proteins that play a direct role in filovirus biology.
Confirmation of siRNA Library Screen Data-Experiments were performed to confirm data obtained with the siRNA library screen. The three siRNAs, which inhibited both ebolavirus and marburgvirus infections, were chosen for further study (Fig. 4) . Additionally siRNA targeting RPL5 was investigated further based on the apparent opposite effect on infection between ebola and marburg viruses. siRNAs were obtained for these select hits and transfected into 293T cells. Following transfection, the transcript level of each target gene was significantly reduced, as determined by quantitative, reverse-transcription PCR (qRT-PCR) analysis (Fig. 5 ). Cells were also infected with ebolavirus or marburgvirus following transfection with siRNA. Following virus infection, viral genomic RNA was isolated from cell culture supernatants from each well. Using these samples, viral titer was measured by qRT-PCR. Compared with controls, transfection of each siRNA significantly reduced the amount of newly produced ebolavirus released from cells into the cell culture medium Table I , observed frequencies of proteins mapping to a particular molecular function, biological process, or biological pathway, were compared with expected frequencies. Several of these gene classifications (on the y axis) were significantly over-represented in Table I , compared with the human genome as a whole. For each group, the expected number of proteins is plotted along with the observed number of proteins with this classification. The Bonferonni-corrected p value is given for each. (Fig. 6A) . These results are consistent with the immunofluorescence detection of ebola-infected cells from the same plate (Fig. 6B) . Knockdown of HSPA5 also significantly inhibited marburgvirus infection and production, as measured by qRT-PCR (Fig. 6D) , or immunofluorescence detection of infected cells (Fig. 6E) . In both of these assays, siRNA for RPL5 significantly enhanced marburgvirus infection ( Fig. 6D and  6E ), in agreement with the siRNA library screen data. siRNAs for RPL18 and UBC did not significantly affect marburgvirus titers in the qRT-PCR assay (Fig. 6D) , but did inhibit the infection according to the immunofluorescence assay (Fig.  6E ). This discrepancy is under investigation, but unresolved at this time.
Transfection of these siRNAs did not result in gross cytotoxicity, as indicated by the number of cells in each well, or by visual inspection. Following siRNA transfection and viral infection, the total number of cells per image field was recorded during the automated immunofluorescence imaging procedure (Fig. 6C and 6F) . Transfection of each siRNA resulted in only a modest decrease in cell number per well, compared with negative control siRNA transfection. On the basis of these data, we do not believe the effect of each siRNA on viral infection was because of a change in cell number or cytotoxicity. DISCUSSION We report here LC-MS/MS analysis of protein lysates from highly purified ebolavirus and marburgvirus virions. These experiments identified 66 host proteins presumably associated with ebola and/or marburg viral particles. Proteomic studies, similar to our own, have been performed for several other viruses (1-3) . The overlap between data sets from these investigations, and our own, supports the veracity of the observations. Additionally, these data identify common host proteins that likely play a role in the lifecycle of divergent viruses. We also recognize the inherent difficulties with proteomic studies of this type, and have addressed some of these issues here. One important concern is the purity of the starting material for LC-MS/MS analysis. Membrane-bound vesicles of several types (e.g. exosomes), with a size and density similar to viral particles, can be released from cells into the culture medium and copurified with virions during sample preparation (31, 32) . Copurification of exosomes (known to harbor multiple cellular proteins), or other vesicle types, with viral particles could produce a background protein signature in subsequent proteomics analysis.
A second, and independent, question is that of biological relevance. It is difficult to draw conclusions from the simple identification of host proteins incorporated into viral particles. Although the over-representation gene ontology analysis suggests a nonrandom incorporation of host proteins into virions, this virion-association could still be largely irrelevant for virus biology. For example, many proteins identified in our study are associated with the plasma membrane, and lipid rafts in particular. During the budding process, probably from lipid raft microdomains, filovirions acquire a lipid bilayer membrane of host cell origin (33, 34) . Therefore, it is possible that select lipid raft-associated host proteins are incorporated into the filovirion membrane by chance.
To partly address the above data interpretation issues, we employed a siRNA library screen, which targeted for knockdown the transcript of each putative virus-associated protein identified in our proteomic analysis. Knockdown of several genes significantly impacted (inhibited or enhanced) ebolavirus and/or marburgvirus infections. This screen served as an empirical filter for biological relevance of the putative virionassociated host proteins. Additionally, the proteins scoring as hits in this assay are likely not contaminants of the virus purification procedure. Instead, our confidence is increased that the hits represent true virion-associated host proteins. For proteins not scoring as a hit in this assay, one cannot conclude that they definitively represent nonvirion-associated contaminants, or that they are irrelevant for viral biology. Rather, the screen provided positive evidence of relevance for select genes and allowed us to priority rank proteins for future, more focused study. Still, only a fraction of the host proteins identified by LC-MS/MS scored as hits in the siRNA screen. One possible explanation is the choice of different cell lines for the virus generation (Vero), and siRNA experiments (293T). With this arrangement, we may fail to identify particular genes as relevant. Host proteins that are required for virus production in Vero cells, may not be present or required in 293T cells. This can also be said when comparing 293T cells with a more physiologically relevant human cell type (e.g. primary human macrophages or dendritic cells). The use of primary human cells in future studies should mitigate unnec-FIG. 2. Strategy to identify true virion-associated host proteins that are essential for viral infection/production. We combined LC-MS/MS proteomic analysis with a siRNA library screen. In addition to host proteins with specific virus incorporation, some proteins detected by LC-MS/MS may be contaminants of the virus preparation, or may be incorporated by chance. The siRNA screen identifies host proteins that are essential for productive virus infection. Ideally, using these techniques in series allows us to priority rank proteins that are likely not contaminants or proteins incorporated by chance.
essary complications in our host target and drug discovery efforts.
The siRNA library screens, and hit confirmation experiments, identify virion-associated host proteins that play a significant role at some point in the virus lifecycle. Ongoing and future experiments will attempt to answer whether or not these host proteins are required to be incorporated into the virion for successful productive infection. We do not know whether these host proteins play any role within the virion, or whether virion-incorporation is required for subsequent infection of new target cells. Utilizing virus isolated from cells deficient in select host proteins of interest (siRNA-transfected cells, or mouse knockout cells) could help elucidate answers to these questions.
Strikingly, many more host proteins were identified in ebola virions than in marburg. Whether this represents a true difference in biology between the two is currently under investigation in our laboratory. Congruent with the smaller number of marburg-associated proteins, a smaller number of host proteins were identified as critical for marburg infection by the siRNA library screen compared with ebola. However, the siRNA library screen did identify proteins that impacted both ebola and marburg infections, but were identified by LC-MS/MS as present only in ebola virions (e.g. HSPA5). There- fore, the marburg proteomic data set could contain false negatives. Alternatively, HSPA5, and other hits, are involved in the marburgvirus lifecycle, but not stably incorporated into marburg virions.
To date, only a small number of cellular proteins have been identified within filovirus virions or virus-like particles (VLPs). VLPs can be produced by transfection of the ebola or marburg matrix protein VP40. Upon expression, VP40 assembles at the cell membrane and directs the budding of VP40-containing VLPs, with morphology similar to ebola or marburg viral particles (33, 35, 36) . Host proteins actin, Tsg101, and Nedd4 have been detected in ebola VP40-induced VLPs (37) (38) (39) . However, Kolesnikova et al., recently failed to detect Tsg101 or actin (or tubulin), in marburg VP40-dependent VLPs (40) . Even so, the same research group previously detected actin, Lamp-1, and Rab11 in purified marburg virions by Western blot (27) . HSPA5, tubulin, and annexin A2 were examined but not detected in marburg viral particles (27) . In contrast, our proteomic analysis detected HSPA5, Tsg101, actin, tubulin, and annexins A1, A2, A4, and A5 in ebola and/or marburg virions by LC-MS/MS.
Examination of the entire cohort of virion-associated proteins reinforces previous observations concerning filovirus biology, assembly, and budding. There is evidence that lipid rafts are important for filovirus assembly and budding. For example, upon transfection, ebola VP40 and GP were detected in lipid rafts purified by sucrose gradient centrifugation (33, 34) . VP40 mutants with diminished capacity to associate with lipid rafts were partially defective in VLP production (34) . Additionally, the lipid raft marker phospholipid GM1 colocalizes with VP40 and GP, and can be detected in the membrane of purified ebola virus particles (33) . Consistent with these observations, approximately half of the host proteins identified by LC-MS/MS have a literature-documented association with lipid rafts (Fig. 7) .
There is also evidence that filoviruses utilize components of the vacuolar protein sorting pathway, including proteins making up ESCRT-1 (host cell endosomal sorting complex required for transport-1), to carry out assembly and budding (19) . Previous work demonstrated that ebola VP40 can partially redirect the ESCRT-1 proteins Tsg101, VPS4, VPS28, and VPS37B to the cell surface (41, 42) . Importantly, deletion mutants or point mutants of Tsg101 or VPS4 can act in a dominant-negative manner and partially inhibit VP40-dependent VLP release (38, 40, 42) . Work utilizing a mouse model suggests that targeting the vacuolar protein sorting pathway may be an effective therapeutic strategy against filovirus infections. Silvestri et al., designed phosphorodiamidite morpholino antisense oligos spanning the start codon of mouse VPS4 (42) . These PMOs effectively inhibited expression of VPS4 and significantly protected mice from lethal ebolavirus challenge (42) . Consistent with a role for ESCRT-1 proteins in filovirus biology, our study detected Tsg101 and VPS28 as incorporated into ebola virions. However, according to the siRNA library screen, they are not absolutely necessary for productive ebolavirus or marburgvirus infection. One report suggests that Tsg101 siRNA effectively inhibits VLP formation when ebola VP40 is transfected alone (43) . However, this effect is much less dramatic when VP40 is cotransfected with GP and NP. Although the authors detect Tsg101 incorporated within VLPs, VLP formation does take place efficiently in the absence of Tsg101 incorporation (43) . Our work indicates that Tsg101 siRNA is not an effective inhibitor in the context of infection with authentic ebolavirus.
One might presume that the presence of a host protein in the viral particle is predicated on a direct interaction between one or more viral protein and the incorporated host protein. 
Ebola and/or marburg VP40, and other viral proteins, have been shown to interact with several host proteins. VP40-interacting proteins include, among others, HSPA5, HSPA8, Tsg101, Nedd4, tubulin, NEDL1, AIP1, AIP4, AIP5, and Sec24C (34, 36, 40, (43) (44) (45) (46) . Interactions with host proteins have also been described for VP35. VP35 is a potent inhibitor of the host antiviral interferon (IFN) response (47, 48) . A recent report describes a direct interaction between VP35 and the host kinases IKKepsilon and TBK-1 (26) . These interactions prevent phosphorylation of IRF-3 and subsequent induction of IFN-␤. Additional virus/host protein interactions include ebola GP and BST2, and VP24 and karyopherin-␣ 1 (49 -51) . Finally, filoviral NP and VP30 proteins are highly phosphorylated, suggesting a direct interaction with a host kinase (20) .
Four ribosomal proteins were identified as incorporated into ebola virions. Besides their role in translation, it is now appreciated that ribosomal proteins have several functions away from the ribosome, including protein chaperone activity and regulation of transcription (52) (53) (54) . Our proteomic analysis identified RPL18, RPL5, RPL3, and RPS6 as present in ebola virions. Although each of these was not detected in marburg virions, each may play an important role in ebola and marburg biology. According to the siRNA library screen data, reduced expression of each of these ribosomal proteins effectively inhibited ebola infection in 293T cells. Knockdown of RPL18 and RPL3 also inhibited marburgvirus, whereas siRNAs directed against RPS6 and RPL5 moderately enhanced marburg infection in this assay. It is notable that all four ebolaassociated ribosomal proteins have a known link to viral biology. RPL3 regulates ribosomal frame shifting required for maintenance of yeast M1 killer virus (55) . RPL5 is an rRNA nuclear export protein, and also regulates HIV-1 Rev-dependent nuclear export of viral RNAs, a process required for HIV-1 replication (56) . RPS6 binds to the nsp2 protein of several alphaviruses and regulates viral gene expression (57) . These authors demonstrated that siRNA-mediated reduction of RPS6 inhibits gene expression from Venezuelan equine encephalitis replicon particles (57) . Importantly, although the interaction between RPS6 and nsp2 may occur in the context of intact ribosomes, RPS6 siRNA had little effect on global host translation. Finally, RPL18 of Arabidopsis thaliana interacts with P6 of cauliflower mosaic virus (58) .
Heat-shock proteins (HSPs) are known to play an important role in the life cycle of diverse viruses. Several viral proteins A and D) . The number of viral genomic copies per PCR reaction was plotted for each siRNA transfected. On the same plates, the cells were fixed and then processed for immunofluorescence detection of virus infected cells. The average percent infected value (compared with neg si wells) is shown for each siRNA (B and E). From the immunofluorescence analysis, the average number of cells analyzed in each well is also shown (C and F). For the marburgvirus experiment, a lower multiplicity of infection was used in an attempt to clearly observe enhancement of infection. *p Ͻ .01.
have been shown to interact with HSPs, and in some cases require HSPs to be fully active (59) . Additionally, HSPs have been identified in purified virions of HIV-1 (1, 60), HHV-4 (61), HHV-5 (62), HHV-1 (2), and vaccinia virus (63) . The hsp70 family member, HSPA5 (GRP78, BiP) is a resident of the endoplasmic reticulum and has a known role in virus biology. In particular, HSPA5 acts as a chaperone for the envelope proteins of hepatitis B virus, Sendai virus, HIV-1, and sindbis virus (64 -67) . HSPA5 can also be detected at the cell surface, and has been described as a receptor or co-receptor for dengue virus serotype 2 and coxsackievirus A9 (68 -71) . In our proteomic analysis, this protein was detected as associated with ebola virions but not marburg. This is consistent with work by Kolesnikova et al., who failed to detect HSPA5 in purified marburg virions by Western blot (27) . However, we observed that knockdown of HSPA5 transcripts with siRNA dramatically and consistently reduced the number of cells infected with ebola or marburg viruses. Likewise, reduction of HSPA5 inhibited the release of nascent ebola or marburg virions into the media of infected cell cultures, as measured by qRT-PCR.
Preclinical investigations suggest that inhibition of Hsp90 or HSPA5 could develop into effective antiviral therapeutic strategies. For example, Connor et al. demonstrated that pharmacologic or siRNA-mediated inhibition of Hsp90 can inhibit replication of several negative-strand RNA viruses, including vesicular stomatitis virus, multiple paramyxoviruses (SV5, HPIV-2, HPIV-3, and SV41), and the La Crosse bunyavirus (72) . Similarly, cleavage and depletion of HSPA5 using the SubAB subtilase cytotoxin inhibits hCMV virus production in human fibroblasts (73) . Knockdown of HSPA5 also inhibits dengue virus serotype 2 production (74). However, apparently contradictory reports exist regarding HSPA5 knockdown and hepatitis B virus (HBV). Huang et al., report that HSPA5 siRNA decreases the amount of HBV DNA detected in the supernatants of infected cell cultures (75) . Alternatively, Ma et al., describe HSPA5 as a potent antiviral protein in the context of HBV infection (76) . In that report, siRNA-medi- Table I , cell localization and protein interaction information was examined using Ingenuity Pathways Analysis software. Any protein with an annotation for plasma membrane or lipid raft was placed at this position in the diagram. Approximately half the identified virion-associated proteins are integral membrane, or membrane-associated proteins, and located within or at lipid raft microdomains (red circles). Hits in the siRNA library screen are colored purple (also associated with lipid rafts), or blue (no known lipid raft association). White circles indicate proteins that have no known association with lipid rafts, and also did not score as hits in the siRNA library screen. Literature-described possible protein interactions are indicated by connecting lines.
ated reduction of HSPA5 increases the production of HBV virions in HepG2 cells.
Localization in filovirus particles has not previously been reported for the great majority of the proteins we identified with LC-MS/MS analysis. Additionally, we demonstrated that several of these virion-incorporated host proteins are critical for filovirus infection/production. This new information opens up novel avenues of investigation into filovirus biology. It is our hope that several of these host proteins, and associated host/pathogen interactions, will become targets for antiviral therapeutic intervention.
